INTRODUCTION
============

Angiogenesis is the formation of new blood vessels from the existing vasculature. This process occurs in both physiological conditions, such as embryonic development and wound healing ([@B32]), and pathological conditions, such as tumor growth ([@B19]). On binding of growth factors such as vascular endothelial growth factor (VEGF), endothelial cells (ECs) proliferate, migrate, and differentiate to make new blood vessels. Much research has focused on the underlying genetic changes within the ECs during the course of angiogenesis, but it is becoming increasingly clear that stromal cells such as fibroblasts also play a significant role ([@B6]; [@B49]).

Fibroblasts are largely defined by their location and by what they are not: non--smooth muscle cells, non--endothelial cells, non--epithelial cells of the stroma ([@B28]). No reliable marker for fibroblasts exists, and one gene analysis study revealed that fibroblasts are quite different cells, depending on their tissue of origin ([@B12]), although their primary function in all cases is the synthesis and maintenance of the extracellular matrix (ECM). In response to wounding and during tumor growth, fibroblasts become activated, secreting various collagens, fibronectin, heparan sulfate proteoglycans, secreted protein acidic and rich in cysteine (SPARC), tenascin, and connective tissue growth factor, among others ([@B13]; [@B55]).

Apart from, and in conjunction with, their role as synthesizers and modifiers of the ECM, fibroblasts play a key role in angiogenesis. Numerous studies have shown that these cells secrete soluble angiogenic growth factors such as VEGF ([@B23]; [@B33]), transforming growth factor-β (TGF-β; [@B50]), and platelet-derived growth factor (PDGF; [@B3]), to name a few. It is also evident that fibroblasts---more specifically, carcinoma-associated fibroblasts (CAFs)---promote tumor growth partially through promotion of angiogenesis. One study showed that inhibition of stromal PDGF receptors reduced tumor angiogenesis in part by suppressing the expression of fibroblast growth factor-2 (FGF-2) and FGF-7 in CAF ([@B53]).

A number of in vitro studies examined the role of fibroblasts in EC tubulogenesis ([@B43]; [@B46]; [@B5]). All of these studies showed promotion of EC sprouting and lumen formation in their presence. In particular, reducing fibroblast ECM synthesis by removing ascorbate from the medium reduced EC tube formation ([@B5]). Another study reported that EC tube formation in three-dimensional (3D) fibrin gels is much more strictly dependent on the distance between the EC and the fibroblasts than on the distance between the EC and the media ([@B24]). The implication is that the fibroblast-derived factors required for EC tubulogenesis are poorly diffusible, perhaps because they are large or have strong interactions with the matrix.

Although a number of fibroblast-derived factors important for angiogenesis have been reported, such as those listed earlier, the specific contributions of fibroblasts in the process of angiogenesis remain largely unknown. In the study presented here, we aimed to identify fibroblast-derived factors that impart an angiogenic phenotype in EC. Using an in vitro model of angiogenesis in which fibroblasts and ECs are cocultured in 3D fibrin matrices, we identify a combination of fibroblast-derived proteins that promotes EC sprouting and is necessary for EC lumen formation. Furthermore, we show that the fibroblast-derived proteins necessary for EC lumen formation increase the stiffness of the matrix, shedding light on the possible mechanism of EC lumen formation.

RESULTS
=======

Fibroblasts secrete soluble proteins that support EC sprouting and lumen formation in three-dimensional cocultures
------------------------------------------------------------------------------------------------------------------

We and others have shown that stromal cells, such as fibroblasts and pericytes, synergize with VEGF to support EC vessel formation in several angiogenic models ([@B43]; [@B58]; [@B59]; [@B46]; [@B57]). Using our previously described model ([@B46]) in which ECs sprout into fibrin gels in response to VEGF and fibroblast-derived factors, we investigated the nature of the fibroblast signal.

In the presence of cocultured fibroblasts, EC sprouting is robust, and most sprouts form intercellular lumens within 4--5 d ([Figure 1, A and B](#F1){ref-type="fig"}). In contrast, if fibroblasts are not present, single ECs migrate off the beads and do not form vessels, and most cells die after 4--5 d ([Figure 1A](#F1){ref-type="fig"}). Of importance, although fibroblasts in these assays secrete 5--10 pg/ml VEGF (unpublished data), the presence of VEGF does not substitute for fibroblasts, as the medium contains severalfold higher concentrations. Substituting fibroblasts with fibroblast-conditioned medium (CM) in this assay does promote EC sprouting and lumen formation, although at reduced levels ([Figure 1, A and B](#F1){ref-type="fig"}). To examine EC lumens at higher resolution, cultures were stained with 4′,6-diamidino-2-phenylindole (DAPI) and Texas Red-X phalloidin, and z-stack images were taken of single vessels using confocal microscopy. In these images, a lumenal space can clearly be seen ([Figure 1B](#F1){ref-type="fig"}). On the basis of these results, we reasoned that fibroblasts secrete a factor(s) other than VEGF that induces an angiogenic phenotype in the ECs. Preliminary studies suggested that the necessary factor was also not FGF-2 (unpublished data). Incubation of fibroblast-CM with immobilized trypsin almost completely inhibited its ability to support angiogenesis ([Figure 1C](#F1){ref-type="fig"}), indicating that the fibroblast-derived factor(s) is a secreted protein(s).

![Fibroblasts and fibroblast-CM support EC sprouting and lumen formation, but tumor cells do not. (A) Representative images of fibrin gel bead assays in the presence or absence of fibroblasts and in the presence of fibroblast-CM. Arrows, EC lumens. Scale bar, 50 μm. (B) Confocal images of EC sprouts in the presence of fibroblasts or fibroblast-CM. Three images in three different z-planes for a single sprout are shown. Asterisks indicate EC lumenal space. Scale bar, 10 μm. (C) Quantification of EC sprouting in the fibrin gel bead assay in the presence of fibroblast-CM or fibroblast-CM treated with trypsin. (D) Quantification of ECs sprouting in the fibrin gel bead assay in the presence of fibroblasts or various tumor cell lines. (E) Quantification of EC sprouting in the fibrin gel bead assay in the presence of various fibroblast lines. Data are shown as mean number of sprouts/bead ± standard error of the mean (SEM; n = 20). \*p \< 0.05; \*\*p \< 0.005.](3791fig1){#F1}

Stromal cells are present in the tumor microenvironment in vivo ([@B2]), and it is well known that angiogenesis plays an important role in the growth of large tumors ([@B20]). However, the contribution of stromal cells in promoting angiogenesis and tumor growth is still poorly defined. Of interest, we found that various tumor cell lines, including ESH 172, Saos-2, and HT1080/603, supported little to no EC sprouting or lumen formation ([Figure 1D](#F1){ref-type="fig"}), even though the tumor cells made significantly more VEGF than the fibroblasts and generated strongly angiogenic tumors in vivo ([@B22]). For example, fibroblasts secrete ∼5 pg/ml VEGF, whereas HT1080/603 cells made greater than 800 pg/ml. A combination of tumor cells and fibroblasts did not enhance the angiogenic response of ECs beyond that seen with fibroblasts alone (unpublished data), likely due to the presence of exogenous VEGF in the medium. Substituting fibroblasts with smooth muscle cells leads to induction of EC sprouting and lumen formation to a similar extent as fibroblasts (A. C. Newman and C. W. Hughes, unpublished data). Finally, we noted that different fibroblast lines varied in their ability to support angiogenesis ([Figure 1E](#F1){ref-type="fig"}).

A combination of angiopoietin-1, angiogenin, hepatocyte growth factor, transforming growth factor-α, and tumor necrosis factor supports EC sprouting but not lumen formation
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To identify proteins secreted by fibroblasts that induce EC sprouting and lumen formation, we first used a candidate gene approach. To this end, we focused on proteins that were shown to be proangiogenic in previous studies and are known to be expressed by fibroblasts (Supplemental Table S1). Each of these proteins was tested alone and in various combinations. It should be noted that proteins were added to EGM-2. No protein alone could substitute for having fibroblasts present (unpublished data). Combinations of proteins varied in their ability to support EC sprouting, with a combination of angiopoietin-1 (ANG-1), angiogenin, hepatocyte growth factor (HGF), transforming growth factor-α (TGF-α), and tumor necrosis factor (TNF) inducing EC sprouting to the same extent as having fibroblasts present ([Figure 2A](#F2){ref-type="fig"}). There was a greater-than-additive effect when both mix and fibroblasts were present. If any one protein from this combination---referred to hereafter as the angiogenic cocktail---was taken out, sprouting was reduced ([Figure 2A](#F2){ref-type="fig"}). Despite the high level of sprouting, EC sprouts that formed in the presence of the angiogenic cocktail were disorganized, and sprouts failed to form lumens ([Figure 2B](#F2){ref-type="fig"}, left).

![A protein mixture supports EC sprouting but not lumen formation. (A) Quantification of EC sprouting with various combinations of fibroblasts and proteins. Angiogenic cocktail is indicated by the box. Data are shown as mean number of EC sprouts/bead ± SEM (n = 20). (B) Representative images of fibrin gel bead assay. Arrow, EC lumen. Scale bar, 100 μm. (C) Quantification of EC lumen formation in the fibrin gel bead assay. Data are shown as mean percentage of lumenized sprouts/bead ± SEM (n = 20). \*\*p \> 0.005. (D) Quantification of EC sprouting in the presence of different fibroblast-CM fractions. Bar, fractions that were pooled for active fraction.](3791fig2){#F2}

We attempted to rescue lumen formation in EC sprouts induced by the angiogenic cocktail by subsequently adding fibroblast-CM. Fibroblast-CM added 3 d after stimulation with the angiogenic cocktail was indeed able to rescue lumen formation ([Figure 2, B and C](#F2){ref-type="fig"}), indicating that sprouts induced by the angiogenic cocktail still retained their ability to form lumens. Thus a combination of fibroblast-derived proteins has been identified that supports robust sprouting but not lumen formation.

Identification of proangiogenic fractions through cation-exchange and size exclusion high-pressure liquid chromatography of fibroblast-CM
-----------------------------------------------------------------------------------------------------------------------------------------

The second approach used to identify fibroblast-derived proteins is high-pressure liquid chromatography/mass spectrometry (HPLC/MS). Fibroblast-CM was separated into different fractions on a cation-exchange column and eluted with concentrated salt buffer. From 15 to 20 fractions were collected, dialyzed/concentrated, and tested in the fibrin gel bead assay to identify fractions that retained angiogenic activity in the presence of a suboptimal number of fibroblasts. A number of peaks of proangiogenic activity were observed ([Figure 2D](#F2){ref-type="fig"}).

Fractions F9, F10, and F11 were pooled ([Figure 2D](#F2){ref-type="fig"}, bar), and proteins were identified in these fractions by nanoflow liquid chromatography and tandem mass spectrometry (nanoLC-MS/MS) analysis and compared with fractions that did not exhibit high angiogenic activity. [Table 1](#T1){ref-type="table"} lists several proteins that were identified in the active fractions only.

###### 

Proteins identified in high-angiogenic fractions.

  Name                                                            Number of unique peptides   Molecular weight
  --------------------------------------------------------------- --------------------------- ------------------
  Collagen α-1 (I) chain precursor                                19                          138.9
  Sulfhydryl oxidase 1 precursor                                  9                           82.6
  Fibronectin precursor                                           6                           262.6
  Transforming growth factor-β--induced protein ig-h3 precursor   9                           74.7
  Collagen α-2 (I) chain precursor                                6                           129.2
  Procollagen C-endopeptidase enhancer 1 precursor                4                           48.0
  Insulin-like growth factor--binding protein 7 precursor         4                           29.1
  Laminin subunit gamma-1 precursor                               3                           177.6
  Annexin A2                                                      5                           38.6
  Secreted protein acidic and rich in cysteine                    4                           34.6

Fibroblast-derived matrix proteins are necessary for EC lumen formation in the fibrin gel bead assay
----------------------------------------------------------------------------------------------------

Collagen alpha-1 (I) (Col1A1), procollagen C-endopeptidase enhancer 1 (PCOLCE), transforming growth factor-β--induced protein ig-h3 (βig-h3), insulin-like growth factor--binding protein 7 (IGFBP7), and secreted protein acidic and rich in cysteine (SPARC) were all identified by nanoLC-MS/MS as being present in active CM fractions only ([Table 1](#T1){ref-type="table"}) and were selected for further analysis. To test whether these proteins were necessary for EC sprout and lumen formation, we knocked down their expression in fibroblasts using small interfering RNA (siRNA) and monitored microvessel formation in the fibrin gel bead assay. Of interest, knocking down various combinations of three of these proteins at the same time in fibroblasts, including PCOLCE/Col1A1/βig-h3, PCOLCE/Col1A1/SPARC, or PCOLCE/IGFBP7/βig-h3, had little to no effect on EC sprouting ([Figure 3, A and B](#F3){ref-type="fig"}) but significantly inhibited the ability of ECs to form lumens ([Figure 3, A and C](#F3){ref-type="fig"}). When cultures are stained with DAPI and Texas Red-X phalloidin, it is clear that ECs in the presence of triple-knockdown fibroblasts lack lumenal spaces and instead exist in a single plane of migrating ECs ([Figure 3A](#F3){ref-type="fig"}). Knockdown of each gene was confirmed by quantitative real-time PCR (RT-PCR) or semiquantitative PCR, in cells treated with either a single siRNA or siRNA to three genes. When targeted individually, knockdown was greater than 80% ([Figure 3D](#F3){ref-type="fig"}). Even when three genes were targeted with siRNAs in the same fibroblasts, knockdown was near 50% for each gene ([Figure 3E](#F3){ref-type="fig"}), in line with an ∼50% decrease in lumen formation in triple-knockdown cultures. Fibroblast cell viability was unchanged by any of the combinations of siRNAs, used as determined by a tetrazolium hydroxide (XTT) assay ([Figure 3F](#F3){ref-type="fig"}).

![Collagen 1, PCOLCE, SPARC, IGFBP7, and βig-h3 are required for EC lumen formation. (A) Three confocal images in three different z-planes for a single sprout. Asterisks, EC lumenal space. Scale bar, 10 μm. Quantification of EC sprouting (B) and lumen formation (C) in the fibrin gel bead assay in the presence of fibroblasts treated with control siRNA or siRNA targeted to the indicated genes. (D) Relative mRNA levels of targeted gene in fibroblasts treated with the indicated siRNA. (E) Relative mRNA levels of the indicated gene in fibroblasts treated with siRNAs to Col1A1, PCOLCE, and SPARC. (F) XTT cell viability assay. Results in B and C are shown as mean number of EC sprouts/bead or mean percentage of lumenized sprouts/bead, as indicated, ± SEM (n = 60). \*p \< 0.05.](3791fig3){#F3}

Clearly these genes are working in combination, as knockdown of each gene individually had no effect on EC sprouting or lumen formation (unpublished data). Knockdown of PCOLCE, Col1A1, SPARC, IGFBP7, and βig-h3 in pairs again had little to no effect on EC sprouting, but the double-siRNA combinations of SPARC/Col1A1, IGFBP7/PCOLCE, IGFBP7/βig-h3, and PCOLCE/βig-h3 all significantly reduced EC lumen formation (Supplemental Figure S1). Together, these results indicate that fibroblast-derived PCOLCE, Col1A1, SPARC, IGFBP7, and βig-h3 are required for EC lumen formation in the fibrin gel bead assay.

Inhibition of EC lumen formation is rescued by addition of exogenous proteins
-----------------------------------------------------------------------------

To confirm a role for these proteins in EC lumen formation, we attempted to rescue lumen formation in cultures containing triple-siRNA--treated fibroblasts by adding back the missing proteins. As expected, fibroblasts deficient in the production of Col1A1, SPARC, and IGFBP7 induced significantly less EC lumen formation while having no effect on EC sprouting ([Figure 4](#F4){ref-type="fig"}). When purified collagen 1, SPARC, and IGFBP7 were added to a subset of wells containing Col1A1/SPARC/IGFBP7--deficient fibroblasts at concentrations of 100 μg/ml, 500 ng/ml, and 50 ng/ml, respectively, we saw rescue of EC lumen formation ([Figure 4, A and C](#F4){ref-type="fig"}). It is important to note that these concentrations are similar to what is seen in vivo and what was used in previous in vitro studies ([@B18]; [@B54]; [@B37]). Thus the absence of EC lumen formation seen in the presence of knockdown fibroblasts is due to the absence of the target proteins collagen 1, SPARC, and IGFBP7 and not to off-target effects.

![Addition of exogenous proteins rescues EC lumen formation. (A) Representative confocal images of EC sprouts and lumens in the presence of fibroblasts treated with control siRNA or siRNAs targeted to the indicated genes are shown in the presence or absence of exogenous proteins. Three images in three different z-planes for a single sprout are shown. Asterisks, EC lumenal space. Scale bar, 10 μm. Quantification of EC sprouting (B) and lumen formation (C). Data are shown as mean number of EC sprouts/bead or mean percentage of lumenized sprouts/bead, as indicated, ± SEM (n = 60). \*p \< 0.05.](3791fig4){#F4}

Fibroblast-derived proteins increase the stiffness of the matrix
----------------------------------------------------------------

Because the proteins identified as being required for EC lumen formation are all components or modifiers of the ECM, we reasoned that the presence or absence of these proteins might be altering the physical properties of the matrix. To test this, we measured fibrin gel stiffness using rheology. Fibrin gels (2.5 mg/ml) were made in the presence or absence of ECs. Purified collagen 1 (100 μg/ml), SPARC (500 ng/ml), and IGFBP7 (50 ng/ml) were added to a subset of wells, the concentrations being chosen on the basis of known in vivo concentrations. An equal concentration of bovine serum albumin (BSA) was added to control wells to keep total protein concentration consistent. In the presence of collagen 1, SPARC, and IGFBP7, gel stiffness, as measured by shear storage modulus (G′), was increased regardless of whether ECs were present ([Figure 5A](#F5){ref-type="fig"}). Shear loss modulus (G′′) was unchanged between conditions (Supplemental Figure S2A).

![Addition of exogenous collagen 1, SPARC, and IGFBP7 increase matrix stiffness. (A) Shear storage modulus of 2.5 mg/ml gels with collagen 1, SPARC, and IGFBP7 or BSA added. Data shown as mean ± SEM (n = 8). \*\*\*p \< 0.0005. Quantification of EC sprouting (B) and lumen formation (C) in the fibrin gel bead assay in the presence of collagen 1, SPARC, and IGFBP7 or BSA. Data shown as mean ± SEM (n = 30). \*p \< 0.05.](3791fig5){#F5}

To determine what effect the addition of collagen 1, SPARC, and IGFBP7 might have on EC sprouting and lumen formation, the fibrin gel bead assay was performed in the presence of these proteins or BSA at the same concentrations as were used for rheology testing. As expected, EC sprouting was unchanged by the addition of these proteins ([Figure 5B](#F5){ref-type="fig"}); however, EC lumen formation was significantly increased in the presence of collagen 1, SPARC, and IGFBP7 ([Figure 5C](#F5){ref-type="fig"}). Thus increased EC lumen formation correlates with increased matrix stiffness.

It is well known that fibrillar collagen can increase matrix stiffness and both PCOLCE and SPARC can aid in collagen 1 processing. Therefore we asked whether the addition of high concentrations of collagen 1 could recover EC lumen formation in the presence of fibroblasts treated with combinations of the siRNAs used in previous studies. We saw no consistent recovery of EC lumen formation even at concentrations of collagen 1 as high as 1.0 mg/ml (Supplemental Figure S2B).

DISCUSSION
==========

In this study, we identified a combination of fibroblast-derived proteins that induce EC sprouting and are necessary for EC lumen formation. Our studies also suggest that collagen 1, PCOLCE, SPARC, IGFBP7, and βig-h3 induce EC-lumen formation in part by increasing the stiffness of the ECM.

We showed that substituting fibroblasts with an angiogenic cocktail consisting of ANG-1, angiogenin, HGF, TGF-α, and TNF induces robust EC sprouting. However, sprouting is disorganized, and the sprouts fail to form lumens. It is our hypothesis that the lack of EC lumen formation seen under these conditions is due to the absence of a complex, stiff ECM when fibroblasts are not present in the cultures. This hypothesis is supported by the fact that replacing the angiogenic cocktail with fibroblast-CM after 3 d in the fibrin gel bead assay rescues EC lumen formation. Furthermore, we showed that collagen 1, PCOLCE, SPARC, βig-h3, and IGFBP7 are required for EC lumen formation in EC-fibroblast cocultures. Collagen 1, PCOLCE, SPARC, IGFBP7, and βig-h3 are all components or modifiers of the ECM, which is recognized to provide more than structural support for cells ([@B16]; [@B29]), and we showed that addition of collagen 1, SPARC, and IGFBP7 increases the stiffness of the matrix. In line with our findings, previous studies showed that increased matrix stiffness, as measured by shear storage modulus, correlates with increased vessel diameter ([@B14]). Our studies indicate that matrix stiffness is important for the formation of EC lumens.

Many cell types, including ECs, have been shown to respond to changes in matrix stiffness in both 2D and 3D matrices. Recently, matrix stiffness has been shown to regulate EC branching morphogenesis ([@B44]) and epithelial cell proliferation ([@B34]). ECs integrate signals from the ECM by membrane-bound integrins. A number of signaling molecules downstream of integrins are known to be essential for EC lumen formation, including Src and FAK, and Rho GTPases such as Cdc42 and Rac1 ([@B30]; [@B39]; [@B11]; [@B35]). Indeed, integrin signaling was shown to be altered by substrate stiffness ([@B21]).

The exact mechanism by which these proteins alter matrix stiffness remains unclear. Collagens are synthesized and secreted as highly soluble precursors that require processing by procollagen C-endopeptidase in order to form self-assembling collagen monomers ([@B38]). The main role of PCOLCE, as its name indicates, is to aid in the processing of collagen fibrils, most likely by binding to and presenting procollagen as a substrate to procollagen C-endopeptidase ([@B36]). Subsequent cross-linking of processed collagen increases insoluble matrix deposition and matrix stiffness ([@B51]).

Like PCOLCE, SPARC is implicated in ECM assembly and, more specifically, collagen processing and deposition ([@B8]). SPARC binds to collagen 1 ([@B27]), and the skin of SPARC-null mice has roughly half the amount of collagen in comparison to wild-type skin ([@B9]). It is possible that fibroblasts deficient in the production of both collagen 1 and SPARC will have considerable reductions in fibrillar collagen deposition, significantly reducing the stiffness of the ECM.

The role of βig-h3 and IGFBP7 in matrix assembly is less clear. βig-h3 binds to collagen 1 ([@B26]), and this interaction could alter the interactions of collagen 1 with other components of the ECM. IGFBP7 is highly up-regulated in tumor-associated endothelium relative to normal blood vessels, although the mechanism is poorly understood ([@B56]; [@B52]). Our data indicate that up-regulation of IGFBP7 in tumors (either in the ECs themselves or in associated fibroblasts) might be a critical step in the induction of EC lumenogenesis in tumor vasculature.

Our studies do not rule out the possibility that these proteins directly interact with the ECs. There is much evidence that collagen 1 is an excellent scaffold for angiogenesis ([@B42]; [@B48]; [@B15]), and in line with these findings, a blocking antibody to α~2~β~1~-integrin inhibited EC lumen formation in the fibrin gel bead assay in the absence of exogenous collagen 1 (Supplemental Figure S3). βig-h3 binds to α~v~β~3~ integrin on the surface of ECs ([@B47]), and α~v~β~3~-integrin is critical for angiogenesis ([@B10]). Of interest, one study showed that inhibiting the function of α~v~β~3~-integrin disrupted vasculogenesis in quail embryos by inhibiting lumen formation ([@B17]), whereas a second study showed that inhibition of α~v~β~3~-integrin inhibited EC lumen formation in 3D fibrin gels ([@B4]). Further studies need to be done to determine whether interaction of these proteins with EC is important for lumen formation.

Previous studies in our lab, using a short-term (24 h) collagen gel assay in the absence of fibroblasts, showed that knockdown of βig-h3 in ECs reduced their ability to form tubes ([@B1]). In contrast, knockdown of EC-expressed βig-h3 in the fibrin gel bead assay did not reduce lumen formation (unpublished data). Our interpretation is that the overall amount of βig-h3 made by EC in collagen gels is sufficient to support some tube formation over the short term, but in long-term cultures in fibrin gels, fibroblast-derived βig-h3 is essential.

It is worth noting that the expression level of each of these proteins has been tested in EC-CM as well as fibroblast-CM, and all are generally expressed at much higher levels in fibroblasts than in EC (A. C. Newman and C. W. Hughes, unpublished data). It is also apparent that these proteins are acting in concert, as knockdown of each gene alone had no effect on the angiogenic response of the ECs. Moreover, addition of collagen 1 alone, even at concentrations as high as 1.0 mg/ml, was not able to consistently recover EC lumen formation in the presence of fibroblasts treated with the combinations of siRNAs tested in this study (Supplemental Figure S2B). Therefore, although many of these proteins participate in the processing of collagen 1, it appears that their effects on EC lumen formation are not mediated solely by collagen 1 processing.

It seems likely that we have not identified the complete set of fibroblast-derived proteins that play an important role in angiogenesis, as combinations of the proteins identified here are not sufficient for induction of EC lumen formation in the absence of fibroblasts (unpublished data). Indeed, fractions from the CE columns were initially screened for those that induced sprouts; however, the proteins in these fractions that we have pursued regulate lumen formation and not sprouting. We therefore suspect that there are other proteins yet to be identified in these fractions that promote sprouting, and we are working to identify these.

Finally, our data provide an explanation for the necessary role of fibroblasts in the promotion of angiogenesis in the tumor microenvironment. A critical role for CAF in tumor angiogenesis was shown in a number of studies ([@B49]; [@B40]; [@B25]), but it remains challenging to tease out the specific contributions these cells make. Our data suggest that a critical role of fibroblasts in the tumor microenvironment is to condition the ECM in a manner that allows ECs, when stimulated by growth factors derived from both the stromal and tumor cells present in the tumor, to form functional lumens. This is partly accomplished by the secretion of collagen 1, PCOLCE, SPARC, βig-h3, and IGFBP7.

MATERIALS AND METHODS
=====================

Cell lines and tissue culture
-----------------------------

Primary human umbilical vein ECs (HUVECs) were isolated from umbilical cords obtained from local hospitals under University of California, Irvine, Institutional Review Board approval. HUVECs were cultured in M199 (GIBCO, Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS) and endothelial growth supplement (BD Biosciences, San Diego, CA). Normal human lung fibroblasts (NHLFs) were purchased from Lonza (Basel, Switzerland) and cultured in M199 with 10% FBS. The fibroblast lines SF, 109A, 117A, 131N, 133N, 149A, and 154A were a kind gift from Cory Hogaboam (University of Michigan, Ann Arbor). The breast cancer cell line ESH 172 was a kind gift from Randy Holcomb (University of California, Irvine). The osteosarcoma cell line Soas-2 was a kind gift from Bang Hoang (University of California, Irvine). The fibrosarcoma cell line HT-1080/603 was a kind gift from Eric Stanbridge (University of California, Irvine).

Fibrin gel bead assay
---------------------

The 3D in vitro model of angiogenesis was performed as described previously ([@B45]). In brief, p3 HUVEC were cultured on collagen-coated Cytodex microcarrier beads (Sigma-Aldrich, St. Louis, MO). For studies involving protein mixtures instead of NHLFs, proteins were mixed at indicated concentrations (Supplemental Table S1) in EGM-2, which contains VEGF and other proangiogenic factors, and added to fibrin gels every other day of the assay. For studies using fibroblast-CM, CM was mixed at a 1:1 ratio with EGM-2 and added every day. For studies involving collagen 1 addition, collagen 1 was added to the fibrin gel at the indicated concentrations before clotting. The α2β1 antibody was purchased from Chemicon (Temecula, CA) and diluted in EGM-2; it was added to the media at day 4 of the assay and every day thereafter at a concentration of 5 μg/ml.

For quantification of sprouting, only sprouts whose lengths were greater than or equal to the diameter of the bead were counted. Lumen formation was quantified by counting the number of sprouts that had formed lumens.

Preparation of fibroblast-CM
----------------------------

NHLFs in M199 containing 10% FBS were allowed to grow to 80% confluence. Medium was replaced with EGM-2 for 1 d and then replaced with serum-free EGM-2. CM was harvested and filtered through a 0.22-μm filter 2 d later.

Cation-exchange HPLC
--------------------

A 200-ml amount of CM from NHLF was applied to a 1-ml SP Sepharose FF cation-exchange column preequilibrated with 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 5.6. After complete loading, the column was washed with equilibration buffer, and then proteins were eluted with a 2 M NaCl gradient. Twenty 1-ml fractions were collected. Fractions were then dialyzed against Hank\'s balanced salt solution 1× media (Mediatech, Manassas, VA) and filtered.

MS analysis
-----------

### In-solution trypsin digestion and dimethyl labeling.

A 0.5-ml aliquot of each sample was adjusted to 50 mM of triethylammonium bicarbonate (Sigma-Aldrich) and 0.5% sodium deoxycholate, 5 mM Tris 2-carboxyethyl phosphine (5 mM; Thermo Pierce, Rockford, IL) and then incubated at room temperature for 20 min. After treatment with iodoacetamide (10 mM final concentration; Sigma-Aldrich) in the dark at room temperature for 20 min, samples were supplemented with trypsin (Sigma-Aldrich) at a substrate-to-enzyme ratio of 1:50 (wt/wt) and then incubated at 37°C for 4 h. After addition of a second, equivalent aliquot of trypsin, samples were incubated overnight at 37°C. Samples were subjected to phase transfer ([@B41]). The resulting peptides were fractionated as described ([@B31]), eluting strong cation exchange with seven salt cuts (20, 35, 50, 70, 100, 500, and 750 mM).

### NanoLC-MS/MS.

Salt fractions were analyzed via nanoLC-MS/MS using an LTQ Mass Analyzer (Thermo Fisher Scientific, Rockford, IL) coupled to a Waters 600E HPLC Pump (Waters, Milford, MA) and Famos Autosampler (Dionex, Sunnyvale, CA). C18 materials (MaC-MOD, Chadds Ford, PA) were pressure packed into a laser-pulled nanospray tip (15 cm × 75 μm inner diameter). Mobile phases were 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) with a flow rate of ∼50 nl/min and an active gradient portion running from 2 to 35% B in A over 220 min. MS data were acquired in profile mode, with the top three precursor ions selected for MS/MS.

### Database search and quantitation.

Spectral peak processing used MASCOT Distiller, version 2.3.2.0 (Matrix Science, London, United Kingdom), with LCQ_plus_zoom.opt parameters and a precursor tolerance of 1.2 Da. Searches were against SwissProt (57.1; human taxonomy) with (fixed mod) cysteine carbamiodomethylation and (variable mods) methionine oxidation, along with heavy, intermediate, and light dimethyl label selected for both N-terminus and lysine ([@B7]). Homology threshold (expected, 0.05) was applied for protein ID. Spectral quantitation used MASCOT Distiller with simple ratio selected and elution time shift set to 15 s.

Transfection of NHLFs with siRNAs
---------------------------------

siRNAs designed to *SPARC*, *IGFBP7*, *PCOLCE*, *Col1A1*, and *TGFBI* were obtained from Ambion (Austin, TX). Transfection was performed using Lipofectamine (Invitrogen) following the manufacturer\'s recommended protocol. Fibroblast viability was measured using an XTT assay.

Quantitative RT-PCR
-------------------

RNA was isolated at 48 h posttransfection from NHLF using TRIzol (Invitrogen) and the manufacturer\'s recommended protocol. A total of 3 μg of RNA was used for cDNA synthesis using the iScript cDNA Synthesis kit (Bio-Rad, Madison, WI). All mRNA levels were normalized to glyceraldehyde-3-phosphate dehydrogenase. Primers were synthesized by IDT (San Diego, CA), and sequences can found in Supplemental Table S2.

Mechanical analysis of three-dimensional fibrin gels
----------------------------------------------------

Rheology was performed on acellular and cellular (2 × 10^4^ cells/gel) gels using an AR-G2 Rheometer (TA Instruments, New Castle, DE) with a 20-mm-diameter, parallel-plate configuration. The gels were tested at an oscillation frequency of 10 to 0.1.

Microscopy/imaging and statistical analysis
-------------------------------------------

Visualization of fibrin gel bead assays was performed using bright-field images collected on an Olympus (Center Valley, PA) IX70 inverted microscope with a SPOT Idea 3.0-megapixel color mosaic camera and SPOT software (SPOT Imaging Solutions, Sterling Heights, MI). Confocal images were collected using an Olympus FluoView FV1000 confocal microscope. Images were processed in Photoshop (Adobe, San Jose, CA) to adjust contrast and color balance. All images in a given experiment were treated similarly.

Analysis of HUVEC sprouting and lumen formation in fibrin gel bead assays was performed by observers blinded to the experimental conditions. The differences between experimental groups of equal variance were analyzed using Student\'s *t* test.
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βig-h3

:   transforming growth factor-β--induced protein ig-h3

CAF

:   carcinoma-associated fibroblast

CM

:   conditioned medium

EC

:   endothelial cell

IGFBP7

:   insulin-like growth factor--binding protein 7

PCOLCE

:   procollagen C endopeptidase enhancer 1

SPARC

:   secreted protein acidic and rich in cysteine

[^1]: \*Present address: Jules Stein Eye Institute, University of California, Los Angeles, Los Angeles, CA 90095.
